Preterm birth results in significant neurodevelopmental disability. The neonatal rodent model of chronic sublethal hypoxia faithfully mimics the effect of preterm birth on the developing brain. We employed this model to test the hypothesis that the hypoxia that accompanies preterm birth results in inappropriate signaling of apoptotic mechanisms in developing brain. We performed cortical cell counts, determinations of neuronal size and Western analyses of the apoptosis related proteins, Bcl-2 and Bax, in rat pups who were raised in chronic hypoxia (FiO2 9.5%) beginning on postnatal day 3 (P3) and extending for either 10 (P13) or 30 (P33) days. A third group of animals was exposed to 30 days of hypoxia followed by an additional 30 days in a normoxic environment (P63) to assess the potential for recovery from the initial effects of hypoxia. Age matched control pups were raised in room air throughout the experimental time period. Assessment of cortical cell number revealed a 25% reduction (P < 0.01) in total cell number following 30 days of hypoxic rearing. Glia were significantly reduced by 34% and 41% after 10 and 30 days of hypoxia, respectively, while neuron numbers were only significantly reduced (14%) after 30 days of hypoxia. Animals exposed to a hypoxic environment for 30 days followed by 30 days in a normoxic environment revealed some recovery of glial cell numbers, but no significant recovery of neuronal cell numbers. Measurement of cell size at both P13 and P33 revealed that neurons of layer III were significantly smaller in cross-sectional area in hypoxic compared with control rats (P < 0.01). However, no significant difference was noted in neuronal size following 30 days of normoxic recovery. Western blot analyses of Bcl-2 and Bax protein levels demonstrated a ratio favorable to Bax at multiple time points during the period of hypoxic exposure. These data suggest that chronic exposure to hypoxia during the perinatal period alters the production and maintenance of glial and neuronal cells and that glia and neurons demonstrate differential patterns of vulnerability and recovery following subsequent periods of normoxic exposure. It is hypothesized that the mechanisms responsible for these alterations in cortical cell number may depend on the state of differentiation of the different cell types at the time of hypoxic exposure. Semin Perinatol 28:379-388
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KEYWORDS hypoxia, cell death, apoptosis, cerebral cortex, development, corticogenesis P reterm birth may result in significant neurodevelopmental disability. [1] [2] [3] In recent years, 1% of all live births in the United States weigh less than 1000 g and were less than 30 weeks of gestation. 4 While the survival rate for these infants has increased to 85%, 5, 6 the overall prevalence of cerebral palsy is increasing and behavioral problems are also on the rise. [7] [8] [9] Depending on the birth weight of the children studied and the year in which they were born, the incidence of major cognitive handicaps in this population ranges from 30 to 50%. 1, 2, 10 In addition, at age 8 years, more than 50% require special assistance in the classroom, 20% are in special education, and 15% have repeated at least one grade in school. [11] [12] [13] Finally, it has recently been reported that preterm infants experience both structural and metabolic delays in postnatal brain development. [14] [15] [16] [17] [18] These data suggest that strategies for identifying and preventing causes of disability are essential.
Oxygen deprivation is a major cause of neurodevelopmental disorders in preterm infants. 8, [19] [20] [21] Although intraventricular hemorrhage (IVH), periventricular leukomalacia and ventriculomegaly are perhaps the most commonly recognized and best studied of these circulatory disturbances, 20, 22, 23 hypoxia is particularly prevalent among very low birth weight preterm infants. 24, 25 Intraventricular hemorrhage, or hemorrhage into the germinal matrix tissue of the developing brain, results in prolonged depression of cerebral blood flow with secondary cerebral hypoxemia. [26] [27] [28] Similarly, both periventricular leukomalacia and ventriculomegaly are believed to be secondary to the chronic hypoxia of pulmonary origin that accompanies preterm birth. [19] [20] [21] [22] [29] [30] [31] [32] The newborn rat provides a good model for the study of the preterm infant. Events that may be particularly susceptible to hypoxic episodes occurring during the third trimester of gestation in the human fetus 33, 34 occur during the first 20 days of postnatal life in the developing rat cerebral cortex. These events include the elaboration of axonal and dendritic arbors, the production and maintenance of synaptic contacts and the peak period of naturally occurring cell death. [35] [36] [37] [38] [39] To mimic the chronic hypoxia that accompanies preterm birth, we raised newborn rats in chronic sublethal hypoxia (FiO 2 9.5%) from P3 through P33 and permitted them to recover in room air from P33 through P63. Previous studies of cerebral cortical volume in animals raised under these conditions have demonstrated significant decreases in cortical volume, white matter volume and progressive cerebral ventriculomegaly. 40 These changes mimic those found in preterm infants by neuroimaging studies. 32, 41, 42 To test the hypothesis that preterm birth may also result in the inappropriate expression of apoptotic events in the developing brain, we have performed cerebral cortical cell counts, analyses of neuronal size and protein analyses of well recognized apoptotic markers in this model system.
Methods
To assess the effects of hypoxia on cerebral cortical cell number and morphology, a total of 48 rats were reared under either hypoxic or normoxic conditions beginning on postnatal day (P3). Litters of rats were culled to 10 pups and placed in a Plexiglas chamber in which ambient O 2 levels were continuously monitored and controlled. Oxygen levels were monitored using a Cameron Instrument Co. Dual Channel Oxygen Monitor attached to O 2 electrodes placed at each end of the Plexiglas rearing chamber. Oxygen levels were then fed to a laboratory computer to provide a record throughout the experimental period and for the purpose of regulating gas input into the chamber. Desired oxygen levels were achieved by computer-controlled activation of solenoids regulating the mixture of N 2 and air obtained from gas cylinders. Hypoxically reared rats were maintained at an ambient O 2 level of 9.5% Ϯ 1.0. Normoxic animals were exposed to ambient levels of O 2 in the range of 22 to 23%. A small fan was used to continuously circulate air and appropriate filter canisters were used to remove excessive levels of CO 2 and humidity within the box. Twice weekly the box was opened for less than 5 minutes and the cages, water and food changed. All pups were weaned on P24 and the mothers were removed from the box.
The effects of hypoxia on cortical organization were determined by rearing rats under hypoxic or normoxic conditions for either 10 (P3-P13, 6 rats per group) or 30 (P3-P33, 10 rats per group) days. Animals were removed from the chamber on P13 or P33 and were anesthetized by an overdose of pentobarbital. A thoracotomy was performed and rats were transcardially perfused with 4% paraformaldehyde. The brain was removed from the skull, weighed, cut midsagittally and postfixed overnight in fixative at 4°C. The brains were subsequently embedded in celloidin and cut sagittally at 50 m. Every fourth section was stained with cresyl violet, mounted and coverslipped. To assess the potential for recovery from the effects of 30 days of hypoxia, additional normoxic or hypoxically reared animals were exposed to a normoxic environment for 30 days (P33-P63, 8 rats per group) before sacrifice. These animals were euthanized and the brains processed as described above.
Cell Counting
Changes in cell number and cerebral cortical volume were analyzed using standard unbiased stereological methods. [43] [44] [45] [46] Section thickness was ascertained by direct measurement of the thickness of each section after processing and staining, using a Z-axis micrometer (ND 281, Heidenhain, Schaumburg, IL). The volume and total cell number were assessed using stereological techniques on coded brains for which the experimental condition was unknown to the investigator. Briefly, drawings of the entire cerebral cortex (neocortex) for each section in the series were generated. A point counting grid was superimposed over the drawing of each section and the volume (V) was calculated using the Cavalieri method according to the formula: V ϭ ⌺P‫ء‬a(p)‫ء‬t, where a(p) is the area between grid points (corrected for magnification), ⌺P is the number of grid points intersecting the structure of interest and t is the thickness of the sample analyzed (actual thickness of sections after processing and staining). Total cell number was determined using the Optical Dissector method, by counting stained cells within a three-dimensional sampling areas (generally 10 ϫ 30 ϫ 30 m). Counting areas were selected from within each section in a systematic random manner throughout the full width of the neocortex. Between 100 and 300 sample areas were counted per brain. The counts obtained from these sampling boxes were then corrected for the total volume of the cortex, yielding a value for total cell number. Neurons and glia were distinguished based on the size of the nucleus and the condensation of nuclear chromatin. Statistical differences between groups were assessed using Student's t test of significance.
Neuronal Size Measurements
Neuronal size was measured at a magnification of 1000 times using a video equipped Zeiss microscope coupled to a computer running MicroBrightfield's Neurolucida morphological analysis software. The soma of neurons from randomly selected fields within layer III of the frontal, parietal and occipital cortices were measured. All measured cells were fully contained within a 45-m optical plane of section and were measured at their maximal cross-sectional area. Four equally spaced sagittal sections from each brain were sampled. A total of 60 cells were measured in each section: 20 from the midpoint of the frontal third of the cerebral cortex, 20 from the midpoint of the middle third and 20 from the midpoint of the posterior third of the cerebral cortical section. Thus, a total of 240 neurons were measured for each brain sampled.
Western Blots for Detection of Bcl-2 and Bax Protein Levels
To assess changes in the levels of pro-(Bax) and antiapoptotic (Bcl-2) proteins during the period of hypoxic exposure we reared 24 pups (3 per group) under hypoxic conditions for 1, 7, 14 or 30 days (ie, P4, P10, P17 and P33) as described above. Ages were selected for Western blot analysis that would assess alterations in levels during the period over which cell numbers were modified as demonstrated by our cell counts at P13 and P33. Twenty-four age-matched control animals were similarly exposed to normoxic rearing conditions. Following the appropriate period of exposure to either the hypoxic or normoxic environment, rats were sedated with a brief inhalation of carbon dioxide gas, followed by immediate cervical dislocation and decapitation. The brain was quickly removed from the skull, the hemispheres bisected and the cortex was dissected away from the rest of the brain. The cortical tissue was then rapidly frozen in dry ice, weighed and homogenized in a 4:1 volume of lysis buffer containing 0.0625 mol/L Tris-Cl, pH 6.8, 2% SDS and 10% glycerol. The tissue homogenate was boiled and loaded onto a 15% polyacrylamide gel. Volumes corresponding to 0.25 mg of original tissue protein were loaded in each lane. The proteins were transferred from the gel onto Hybond-C Super, 0.45 m nitrocellulose paper (Amersham) in a buffer containing 25% methanol, 0.0125 mol/L Tris, pH 6.8, 0.096 mol/L glycine, and 0.037% SDS. The transfer was run in pairs at a constant current of 0.43 Amps for 4 hours 15 minutes. Following the transfer, the membrane was blocked with Blotto (5% milk in TBST; TBST is 10 mmol/L Tris, 150 mmol/L NaCl, 0.05% Tween 20, pH 8) and was incubated overnight at 4°C in primary antibody. The antibodies used were Bcl-2 (0.5 g/mL Blotto, Santa Cruz Biotechnology) an rabbit affinity-purified polyclonal antibody raised against a peptide corresponding to amino acids 4 to 21 mapping at the amino terminus of Bcl-2; and Bax (2.5 g/mL Blotto, Oncogene).
After incubating with primary antibody, the membrane was rinsed three times with TBST, then washed twice in Blotto for 10 minutes each, and was finally washed a third time in TBST for 15 minutes. The membrane was then incubated with a peroxidase-conjugated antirabbit secondary antibody for 1 hour at room temperature, was washed six times for 5 minutes in TBST and the reaction was detected using ECL staining (Amersham) and autoradiography.
Results

Body and Brain Weights
As described in our previous studies, 47 rats reared for 30 days in an environment containing 9.5% O 2 , had significantly reduced whole body weights when compared with control rats of the same age (Table 1) . 47 Hypoxic rearing for either 10 or 30 days resulted in a significantly reduced body weight, 54% and 18% respectively, compared with age matched normoxically reared animals. In contrast, rats given 30 days of hypoxic exposure, followed by an additional 30 days in a normoxic environment (P33-P63) showed no significant difference in body weight when compared with age-matched controls. Thus, the effects of hypoxia on body weight appear to be transient and capable of recovery given a sufficient period of exposure to a normoxic environment.
A reduction in gross brain weight was also observed following, either 10 or 30 days of hypoxic exposure (15% and 13%, respectively). However, in contrast to body weight, 30 days of normoxic exposure following 30 days of hypoxia not only failed to provide a recovery in the loss of brain weight, but resulted in a greater difference in brain weight (25%) compared with age matched controls ( Table 1) . During the normoxic period from P33 to P63 control rats experienced a 25% increase in brain weight compared with a 13% increase observed for hypoxically reared animals placed in a normoxic environment during the same period. Thus, the difference in brain weight observed for hypoxic versus normoxically reared animals at P63 reflects, not only the maintenance of the initial 13% reduction present at the time of removal from the hypoxic environment at P33, but also a reduced rate of normal (normoxic) growth during the normoxic exposure period from P33-P63. Two groups of rats were placed in hypoxia at P3 and exposed to an ambient O 2 level of 9.5% for 10 (P13) or 30 days (P33) and then sacrificed. A third group was allowed to recover in a normoxic environment for 30 days after 30 days of hypoxia (P63). Age matched control rats were maintained in a normoxic environment. ؎S.E., **, P < 0.01.
Effects of Hypoxia on Cortical Volume, Cortical Cell Number and Neuronal Size
The effects of either 10 or 30 days of hypoxic exposure beginning on P3 were assessed for neocortical volume, cell number, neuron number, glial number, glial and neuron density and neuron size. Although the laminar organization and histological appearance of the cerebral cortex were qualitatively indistinguishable in animals reared under either normoxic or hypoxic conditions, quantitative assessment revealed several striking differences. Cortical volume was significantly reduced (P Ͻ 0.01) following either 10 or 30 days of hypoxic rearing ( Table 2) . As little as 10 days of hypoxia resulted in a 30% reduction in cortical volume compared with normally reared animals. The difference in volume was further increased to 36% after 30 days of hypoxia.
Assessment of cortical cell number after 10 or 30 days of hypoxic rearing revealed a nonsignificant reduction in total cell number of 10% after 10 days of hypoxia and a significant 25% reduction (P Ͻ 0.01) following 30 days of hypoxic rearing (Table 3) . Further characterization of the cell types most affected revealed that glial cell numbers were significantly reduced by 34% and 41% after 10 and 30 days of hypoxia, respectively. In contrast, neuron numbers were only significantly affected after 30 days of hypoxic exposure, resulting in a 14% reduction (P Ͻ 0.05). The differential affect of hypoxia on total neuron and glial numbers, in combination with changes in cortical volume provided striking differences in neuron and glial density. Neuron density was significantly increased by (P Ͻ 0.01) 38% and 32% in rats exposed to either 10 or 30 days of hypoxia, respectively. In contrast, glial density was relatively unaffected in hypoxically reared rats (Table 4) .
Measurement of cell size revealed that neurons of layer III were significantly smaller in cross-sectional area in hypoxic compared with normoxically reared rats. Following 10 or 30 days of hypoxic rearing neuron size for all regions of the cerebral cortex was reduced by 18% and 19%, respectively ( Table 5 ). Examination of cell size measurements in both normoxic and hypoxic rats revealed an anterior to posterior gradient in the size of neurons in both normoxic and hypoxic rats. Anterior cortical regions had larger somatic sizes on average than neurons in more posterior regions (Fig. 1) . However, the mean percentage of difference in neuron size between normoxic and hypoxic rats was roughly equivalent at each level.
Effects of 30 Days of Normoxia on the Recovery of Cortical Volume, Cortical Cell Number and Neuronal Size in Rats Reared Under 30 Days of Hypoxia
To assess the long term consequences of hypoxia on the morphology and organization of the cerebral cortex, rats reared under hypoxic conditions from P3-P33 were given 30 days of exposure to a normoxic environment before sacrifice at P63. Although several measures of cellular organization revealed some reduction in the magnitude of the differences seen after 30 days of hypoxia, significant differences between hypoxic and normoxic animals were still evident. The great- Total Neuron, Glial and Cell Number estimated using unbiased stereological analyses on Nissl stained sections. Neurons and glia were distinguished based upon the size of the nucleus and the condensation of nuclear chromatin. ؎S.E., **, P < 0.01; *, P < 0.05. est recovery was found for neuron density and neuron size, with more modest recovery evident for glial cell number and cortical volume. Over the 30-day period of normoxic exposure, hypoxically reared rats evidenced complete recovery in neuron size (Table 5 ) and neuronal density (Table 4 ). Both glial cell number and cortical volume showed substantial, although incomplete recovery compared with age matched normoxic animals. The difference for glial cell number decreased from 41% at P33 to 14% by P63. Similarly, differences in cortical volume were reduced from 36% to 20% (Tables 2 and 3 ). Despite these changes, both measures remained significantly different from the values obtained for normoxic control animals. The one measure showing no recovery after 30 days of hypoxia was cortical neuron number (Table 3) .
Although statistically significant differences in cortical volume, neuron number, glial number and total cell number were still evident after 30 days of normoxic exposure, comparison of changes for these measures between P33 and P63 among the normoxic and hypoxic groups indicate significant changes in the values for cortical volume, glial cell number and total cell number as a result of the normoxic recovery period (Table 6 ). No recovery was evident for neuron number. Comparing P33 versus P63 normoxically reared rats showed no significant change in the values for cortical volume, neuron and glial cell number or for total cell number indicating that in normal rats the levels of these measures are stable beyond the first postnatal month. In contrast, hypoxically reared rats evidenced a significant increase in cortical volume, as well as glial and total cell number when allowed a 30-day period of normoxia. Although the levels of these measures still remained reduced following a 30 day recovery period, it remains to be determined whether this is a true limitation on the extent of recovery or if a longer duration of normoxic exposure would lead to a fuller recovery.
Effects of Hypoxia on Bcl-2 and Bax Levels in the Cerebral Cortex
A Western blot analysis was performed to quantitatively investigate the pattern of expression of the antiapoptotic Bcl-2 and pro-apoptotic, Bax protein levels during the period of hypoxia. Levels of each protein were assessed at P4, P10, P17 and P33 in experimental pups and at similar points in age matched control animals. During the 30 day period of chronic hypoxia (P3-P33) used in the present study, Bcl-2 levels show only moderate changes in hypoxic compared with normoxic animals (Fig. 2A) . In contrast, pro-apoptotic Bax protein levels undergo a roughly fourfold increase after only one day of hypoxia and remain elevated approximately twofold throughout the initial 14 days of hypoxia. Previous studies have suggested that the ratio and not the absolute levels of Bcl-2 and Bax may be important in the regulation of apoptotic responses. Thus, we analyzed the ratio of Bcl-2/Bax in normoxic and hypoxically reared rats. In normoxic rats, Bcl-2 levels were greatest at P4 and P33 and were diminished relative to Bax during the intervening period (Fig. 2B) . In contrast, hypoxically reared rats demonstrated a Bcl-2/Bax ratio favorable to Bax at all time points between 1 and 30 days of hypoxic exposure.
Discussion
Our previous studies of the neonatal rat model of chronic sublethal hypoxia have demonstrated alterations in cortical and white matter volume, as well as secondary changes in corpus callosal area. In addition, we noted progressive cerebral ventriculomegaly, similar to that found in preterm infants. 40, 48 The results of this study extend these initial findings and demonstrate that hypoxia during the perinatal period also has a profound effect on the volume and cellular organization of the cerebral cortex. Cortical glial cell number and cerebral cortical volume were among the first features of the cerebral cortex to show significant alterations as a result of chronic perinatal hypoxia. Decreases in both were substantial, 34% and 30%, respectively, after only 10 days of hypoxia. In contrast, significant changes in neuron number were only evident after 30 days of chronic hypoxia and the level of reduction, 14%, was rather modest. The delayed time course and global neuron loss seen under conditions of chronic hypoxia contrasts with the focal and rapid neuronal loss that is present in rats of comparable ages undergoing hypoxic/ischemic brain damage. 49 These results are also in agreement with models studying the effect of hypoxia on the newborn mouse that have documented alterations in corticogenesis [50] [51] [52] [53] [54] and suggest that chronic hypoxia results in significant alterations in corticogenesis in the newborn rodent model similar to those found in very low birth weight preterm infants. ؎S.E., **, P < 0.01; *, P < 0.05. 
Cell Death, Apoptotic Proteins and Hypoxia
The development of the cerebral cortex is characterized by a series of progressive and regressive processes that act in concert to sculpt the mature cellular and connectional pattern of cortical circuits. A common principle which has arisen from developmental analyses of cell number, 55 synaptogenesis 33,56-58 and cortical connectivity 36, 59, 60 is that the emergence and maturation of each of these features of cortical phenotype proceeds through two phases. The first phase is characterized by a period of generation and growth in which cortical neurons, synaptic contacts and patterns of axonal projection are over expressed. This is followed by a second regressive period during which inappropriate patterns of connectivity and cell number are diminished and appropriate patterns are stabilized.
Cell proliferation and the period of naturally occurring cell death occupy the time from embryonic day 13 (E13) through the first month of postnatal life in the rat cerebral cortex. The period of neurogenesis is restricted to the mid to late prenatal period, being largely completed by embryonic days 21 to 22. 61 During the period of neuronal proliferation, cortical neurons are overproduced, reaching levels as high as 25% greater than that found in adult animals. 62 These supernumerary neurons are pruned to mature levels by a period of programmed cell death (PCD) extending from the late prenatal period through the first month of postnatal life. In the rat, the peak of naturally occurring apoptosis occurs around P10 and gradually diminishes to near zero levels over the period between P10 and P30. 55, 63 The mechanisms responsible for initiating and terminating Figure 1 Neuronal size was measured at a magnification of 1000 times. Exposure condition is indicated by NX for normoxic and HX for hypoxic. The soma of neurons from randomly selected fields within layer III of the Anterior (A) or frontal cortex, Medial (M) or parietal cortex and the Posterior (P) or occipital cortices were measured. The data reveal an anterior to posterior gradient in soma size that is consistent for both normoxically and hypoxically reared animals. the period of PCD are poorly understood, however, several studies suggest that levels of neurotrophic factors and the regulation of specific genes which suppress or enhance neural apoptosis are important steps in this process. Among the genes and gene products thought to be involved in the regulation of apoptotic cell death, the antiapoptotic protein, Bcl-2 and the pro-apoptotic protein Bax have been localized within cells of the cerebral cortex during the period of PCD and have been hypothesized to be important in the selection of cells to be retained or lost during this time. [64] [65] [66] [67] Studies of the role of Bcl-2 indicate that antiapoptotic factors are capable of enhancing cell survival under a variety of death inducing conditions including kainate-induced excitotoxicity and cardiac arrest, 65, 68 in vitro and in vivo hypoxia [69] [70] [71] and under conditions of growth factor deprivation. 66 Finally, the trigger mechanisms controlling the expression of Bcl-2 and Bax are not well understood, although it is clear that their expression can be up-or down-regulated by extracellular signals. 68, 72, 73 Consistent with studies examining the response of Bcl-2
and Bax under hypoxic/ischemic conditions 65, 74, 75 65 Changes in the levels of Bax and Bcl-2 are coincident with cortical cell loss following both cardiac arrest and ischemia.
The data from the present experiment indicates that the time course and magnitude of hypoxia-induced reductions in cortical cell number differ for neurons and glia of the cerebral cortex. Thus, following 10 days of chronic hypoxia from postnatal day P3 to P13, glial numbers are significantly reduced, while the number of neurons is not significantly altered. Following 30 days of hypoxia, both neuron number and glia number are significantly reduced, although the level of reduction for neurons is considerably less than that seen for glia, 14% and 41%, respectively. We suggest that the differential effects on glia and neurons may be related to both the state of differentiation for cells of the two lineages at the time of hypoxia and differential expression patterns of the apoptotic proteins in response to hypoxia. For example, one explanation for the rapid impact on glial cell number compared with neuron number may be related to the large number of glial progenitors which are actively proliferating during this postnatal period of cortical gliogenesis. Several studies have documented the close association between the progression of cell cycling involved in the proliferation of cell populations and perturbations of the cell cycle that lead to the death of cycling cells. [76] [77] [78] [79] Indeed, studies of the effects of hypoxia and oxidative stress on oligodendrocyte progenitors have demonstrated an increased vulnerability compared with more differentiated oligodendrocytes. [80] [81] [82] The delayed loss of cortical neurons under hypoxic conditions may reflect the greater resistance of these differentiated cells to hypoxic damage, requiring a more prolonged exposure and a more protracted time course for apoptosis to proceed. 83 Thus, cells actively cycling may be at greatest immediate risk for the apoptotic actions related to hypoxia, while the effects on more differentiated cell populations may be more progressive.
The increased risk of death for glial progenitors may also account for the significantly larger reduction in total glial number compared with neurons. Each progenitor lost to apoptosis results in the loss of the individual cell, as well as the potential progeny of that cell. In contrast, the selective loss of differentiated neurons or glia is limited to the removal of only that individual cell. A corollary of this hypothesis is that hypoxic exposure during the prenatal period at the peak of neurogenesis should significantly increase the loss of neu- Three hypoxic and three normoxic rats were assessed for each age point. (B) At each age point the normalized values for Bcl-2 were divided by the values for Bax to obtain a ratio of the Bcl-2 and Bax levels for each hypoxic exposure group to assess the relative changes in the balance of these two proteins over the hypoxic period.
rons due to the greater vulnerability of the neural progenitors at this time In addition to the selective vulnerability of progenitor populations, the selective and rapid reduction in glial numbers may be related to the cellular distribution and response of pro-and antiapoptotic proteins. The hypoxia induced elevations in levels of Bcl-2 between P3 and P13 correspond to the period lacking significant neuronal loss. The subsequent period of neuron loss is also coincident with the precipitous drop in Bcl-2 levels and the maintenance of elevated Bax levels. If differentiated neurons and glia are capable of transiently up regulating Bcl-2 this may provide temporary protection against initial catastrophic cell loss, but as levels of Bcl-2 decrease and Bax levels remain elevated, apoptosis would increase. Interestingly, we observed that the levels of glial and neuron loss during the period from P13 to P33 are similar. This may indicate that changes in Bcl-2 and Bax levels are similar for cells of both classes.
Recovery From the Effects of Perinatal Hypoxia
Following 30 days of neonatal hypoxia one group of animals was exposed to a normoxic environment for an additional 30-day period to assess the potential for recovery. Despite the absence of recovery in neuron number and the failure to obtain normal levels for cortical volume and glial and total cell number, significant improvement in volume and glial cell numbers were evident following this delayed normoxic exposure. The mechanism of this recovery and the time course are important in understanding the limitations and mechanisms responsible for recovery. The dramatic increase in glial cell number, in the absence of neuronal cell recovery, may reflect the presence of fewer remaining progenitors within the SVZ which are capable of generating neurons at this late point in development. Several studies have demonstrated an ongoing proliferative capacity during the postnatal period for SVZ cells of the telencephalon. 84 The generation of glial cells during this postnatal period is well documented and changes in the levels or regulation of the proliferation of these cells may account for the recovery of glial number. In contrast, the capacity of these SVZ cells to generate new neurons is more controversial, and the failure to generate neurons may account for the lack of recovery for this cell class.
The results described here indicate that chronic exposure to hypoxia during the perinatal period alters the production and maintenance of cortical cells and that glial and neuronal cell classes demonstrate differential patterns of vulnerability and the potential for recovery. The reduction of glial cell numbers is seen first and represents the most dramatic alteration in cell number, while the loss of cortical neurons is delayed and more limited. These data suggest that the mechanisms responsible for these alterations may depend on the state of differentiation of these cell types at the time of hypoxic exposure.
